Introduction
In the last few years, Long-Period Gratings (LPGs) had been established as an effective sensor element for a wide range of external environmental measurement, ranging from strain, bending, and temperature to ambient Refractive Index (RI). Its small feature size, added onto the sensor high sensitivity, makes it an attractive sensor choice for miniaturization in technology trend [1] . As an ambient RI sensor, the low cost and ease of disposal offers LPG as a good sensing platform that can be utilized in many chemical and biological sensing applications [2] . Many papers based on different configurations of LPG had been published [3] [4] [5] [6] [7] . The standard LPGs are direct-written by UV exposure where the gratings couple light from the core mode to various cladding modes in the single mode fiber (SMF). As a result, a series of attenuation bands in the fiber transmission are created at discrete wavelength. This sensor works on the principle of changes in the attenuation bands with variation in the external environment parameters such as temperature, strain, and ambient refractive index. Recently, there are also several papers on improving the RI sensitivity: the chemical etch on the LPG cladding, tilted LPG, fabrication of complex structure and the deposition coating on LPG [8] [9] [10] [11] [12] [13] . Another group of LPG sensors are formed with corrugations fabricated on its cladding. These corrugations are formed through either wet etch or CO2 laser ablation [14] [15] [16] [17] . These sensors had been used in mainly strain sensing applications. As an ambient RI sensing, corrugation on SMF cladding had a sensitivity of 26.7 nm/RIU using the wet etch in the imprint lithography [18] .
LPG fabrication by the UV radiation is the most common method for gratings fabrication. The LPGs created in this study are created using this method. In the UV directwriting process, radiation from the UV laser is exposed onto the photosensitive fiber via an amplitude mask to create refractive index modulation on the core fiber. The amplitude mask consists of typical modulation depth of 10 −4 , period between 100 μm to 500 μm and length of 2 cm to 4 cm. With the direct-writing process, the fiber's core index modulation is responsible for the light coupling from the propagating core mode to the copropagating cladding modes. With the copropagating cladding modes dissipated along the cladding of the fiber, the transmission spectrum consists of a series of attenuation bands centered at resonant wavelengths that depends on the effective index of the coupled modes and the gratings pitch. The phase matching between the core mode and the ith forward-propagating cladding modes is achieved at the resonant wavelength and denoted in the following [19] : where λ res is the resonant wavelength, Λ is the grating period, n eff co and n i eff cl are the effective indices of the fundamental core mode and the ith cladding mode, respectively.
As an ambient RI sensor, the variations in the ambient RI surrounding the cladding of an LPG can be expressed as [20] 
where n sur and n eff m,clad are the refractive index of the surrounding material and ith effective cladding mode, respectively. The term dn eff m,clad = dn sur is distinct for each cladding mode, and hence an LPG depends strongly on the order of the coupled cladding modes. For a given LPG and cladding modes, the wavelength shift resulted from the ambient refractive index changes may be positive or negative depending on the local slope of the phase matching curve dλ/dΛ [21] . As shown in Figure 1 , the core mode is tightly confined in the fiber core while the cladding modes extend into the cladding-air interface which allows the evanescent wave to react with the ambient medium and results in its sensitivity to ambient RI change. This sensitivity to ambient refractive index changes can be either enhanced or suppressed by manipulating the fiber parameters [22] ; the variations in the fiber radius will affect the cladding modes field distribution in the cladding-air interface which will change the optical power related to cladding modes evanescent wave in the external medium.
Experimental Setup
The LPG was direct-written on the Single Mode Fiber (SMF) core using the 248 nm Excimer laser (Lambda Physik, model Compex 205) via an amplitude mask. The amplitude mask has a specification of 320 um period, 2.8 cm length. The CO 2 laser (Epilog legend TT, model 7000) with 50% speed and 30% power was next used to create periodic corrugations on the cladding of the LPG fibers. The CO 2 laser has a maximum power of 40 W with maximum speed of 80 ips (in per sec). With the ablation on the LPG cladding using 30% power and 50% speed, this can be computed to about 12 W power and an estimate of constant speed of 40 ips (discarding the acceleration and deceleration). The total length of the corrugated cladding region is about 2.8 cm which is the length of the LPG. The corrugated fibers were inspected visually and measured with the microscope (CytroViVa). The fibers were then tested with different RI solutions, ranging from 1.3334 to 1.3807 that was prepared with different concentrations of salt in water. With the Stabilized Broadband Source (model 1RBL-11111-F), the wavelength responses to different RI solutions were measured with the Optical Spectrum Analyzer (Andro, model AQ6317). 
Results and Discussion
After the CO 2 laser ablation on the LPG fibers' core, the fibers were measured with the microscope with the measurements highlighted in Figure 2 . The periodic corrugation is elliptical in shape and measured with a dimension of 201.3 um ± 2.8 um by 57.1 um ± 0.2 um and with depth of 20.1 um ± 0.4 um. The specimen collected in the corrugations is 23.91 um from the core of the fiber. The period between two adjacent corrugations is about 281.7 um ± 3.4 um. Figure 3 shows the Scanning Electron Microscope (SEM) views.
Next different concentrations of salt were dissolved in water to obtain different RI solutions that were measured with a refractometer. The linear correlation is shown in Figure 4 .
The corrugated LPG was tested with the different RI solutions and it was observed that the different cladding modes have different sensitivities [23] . The highest order attenuation band or resonant wavelength has the most sensitive wavelength shift to the ambient refractive index change. The wavelength responses to different RI solutions for the 1550 nm spectrum are shown in Figures 5 and 6 .
From Figure 7 , the wavelength shifts were plotted and with the linear fit, the corrugated LPG gives a sensitivity of 611 nm/RIU for the RI range from 1.3334 to 1.3807. With the corrugations, the specimen are collected and measured at 23.91 um from the core of the fiber. This increased the cladding modes field distribution at the cladding-air interface in the corrugations which accounts for the increased in the sensitivity to the ambient RI measured.
Conclusion
In this paper we have presented an in-fiber refractometer sensor that has periodic corrugations inscribed onto the cladding of an LPG. The corrugations improve the sensor sensitivity to ambient RI measurement while it simultaneously functions as a reservoir to collect and hold the specimen. In addition, this sensor can also be used to measure and identify different level of concentrations in specimens. The sensor has the advantages of high sensitivity, small feature size, compact, ease of use and offers potential for use in various chemical and biological sensing applications in the future. With the in-fiber corrugations that serve also as the collection reservoir, it can also be deployed as an onsite sensor to collect specimen for measurement and disposed thereafter due to its low cost.
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